Competitive interactions between plants determine the success of individuals and species. In developing forests, competition for light is the predominant factor. Shade tolerators acclimate photosynthetically to low light 1±3 and are capable of long-term survival under the shade cast by others, whereas shade avoiders rapidly dominate gaps but are overtaken in due course by shade-tolerant, later successional species. Shade avoidance 4±6 results from the phytochrome-mediated perception of far-red radiation (700± 800 nm) scattered from the leaves of neighbours, provides early warning of shading 7 , and induces developmental responses that, when successful, result in the overgrowth of those neighbours 8 . Shade tolerators cast a deep shade, whereas less-tolerant species cast light shade 9 , and saplings tend to have high survivorship in shade cast by conspeci®c adults, but high rates of mortality when shaded by more-tolerant species 9 . Here we report a parallel relationship in which the shade-avoidance responses of three tree species are inversely proportional to proximity signals generated by those species. On this basis, early successional species generate small proximity signals but react strongly to them, whereas late successional species react weakly but generate strong signals.
Shade-avoiding plants respond to the relative amounts of red (R; 600±700 nm) and far-red (FR; 700±800 nm) photons in incident radiation by establishing different concentrations of the active`Pfr' form of the phytochromes 10 . For many plants, the elongation growth rate of the stems bears an inverse linear relationship to the established concentration of Pfr, which is usually expressed as the proportion of total phytochrome (P) that is present as Pfr (that is, the photoequilibrium or Pfr/ P) 11, 12 . The slope of this relationship may be regarded as thè shade avoidance response sensitivity'. This varies between species, with strong shade avoiders presenting a steep slope and weak shade avoiders presenting a shallow slope 13 . In addition, different species have different intrinsic elongation growth rates. These elementsÐintrinsic elongation rate and response sensitivityÐcombine to describe the overall shade avoidance response of plants in the natural environment. To explain the dynamics of tree growth in developing canopies, we sought to identify and quantify both intrinsic growth rates (R i ) and response sensitivities (S) of tree species with contrasting growth dynamics.
We grew stands of tree species at different spacings, and measured height growth, leaf area, leaf distribution and within-canopy radiation environment throughout several growing seasons. Three species of contrasting growth habits and leaf morphology were studiedÐAcer pseudoplatanus (a late successional species known as sycamore in the UK and sycamore-maple in North America), Betula pendula (silver birch, an early successional species) and Populus deltoides´trichocarpa cv. Beaupre Â (a hybrid poplar bred for rapid elongation growth). These species were grown in both pure stands (that is, single species) or in mixed stands that included another species, Salix viminalis (osier willow), chosen because it is a shrubby species with dense leaf coverage of stems and thereby generates strong proximity signals. The stands were rectangular grid arrays of differing spacings. Replicated monitoring over several years provided mean growth data from which the response parameters were derived. Radiation measurement was centred on selected target trees' and consisted of spectroradiometric measurements of R and FR radiation propagated roughly horizontally at different heights in the stands 12 . Height growth rate of the three species grown in pure stands increased as tree density increased (Fig. 1a) , as did effects on the spectral distribution of the radiation that was propagated nearhorizontally in the canopy, with a consequent depression of the R:FR ratio and thus of the calculated Pfr/P (Fig. 1b) . All species reacted to neighbours by increased elongation growth, but the three species had different intrinsic growth rates. The slopes of the relationships between height growth rate and plant density, however, were not markedly different. The three species had differential effects on the radiation environment, with A. pseudoplatanus depressing Pfr/P the most and B. pendula the least. In other words, the late successional species generated strong proximity signals, whereas the early successional species generated weak signals.
We obtained linear relationships when the tree data were replotted against Pfr/P (Fig. 2) . The relationships include data from the ®nal year of experimentation, in which we grew mixed plots at the two highest tree densities (black symbols). For A. pseudoplatanus and Populus cv. Beaupre Â, the mixed plot data lie within the ranges of Pfr/P obtained in pure stands of those species. By contrast, for B. pendula the mixed plot data show that the relationship extends beyond that obtained with the pure stands, which had much smaller effects on the R:FR ratio. In other words, B. pendula trees have stronger shade avoidance responses in stands with other species than in conspeci®c stands. Figure 2 shows that the state of phytochrome regulates elongation growth in the three species in a very similar manner; thus, the elongation response of the target trees is determined solely by the effect of incoming radiation on the concentration of Pfr. Even so, the shade avoidance reactions of the three species in the plots were quite different, and consequently other factors, related to, or consequent on, the radiation signal must also determine the response. We reasoned that the element in the canopies that generates the radiative signal is likely to be the quantity of plant material, particularly the surface area of the leaves, that scatters FR radiation within the range of perception of the target tree, thereby generating proximity signals. Consequently, we calculated an effective radiation scattering quantityÐcalled the`projected leaf area' (PLA)Ðin each canopy established in these experiments. The calculation is facilitated by the regular grid pattern of the trees and by the limitation of each tree to a single main stem. The elements of the calculation are number of leaves, vertical distribution of leaf area, spatial distribution of leaf inclination, azimuth and zenith angles, and effective tree width and height (see Methods). We calculated PLA for the different species and densities using detailed measurements of four representative trees selected randomly in each plot, using a target tree at the centre of each stand. Figure 1 Relationships between planting density and tree height growth, within-canopy radiation environment and intensity of proximity signals. Pure stands of the three species were grown in regular grids at the stated planting densities. The radiation propagated horizontally at the central target tree was monitored with a spectroradiometer and the data converted to a value of expected phytochrome photoequilibrium (Pfr/P, where Pfr represents the amount of Pfr present at photoequilibrium and P represents the total phytochrome). a, Mean height growth over 120 days, from day 140 (20 May) to day 260 (17 September). b, Minimum photoequilibria recorded at day 220 (8 August), for each of three growing seasons. c, Intensity of re¯ection signals is a species-speci®c function of planting density. Mean data for projected leaf area were calculated from detailed measurements of four representative trees at each planting density. Lines are simple regression lines. Figure 1c shows the relationships between tree density and PLA for the three species. In each case, there was an increase in PLA with increasing stand density of trees. The largest values of PLA were observed with A. pseudoplatanus and the smallest with B. pendula. This relates well to the large leaves of the former, which are densely distributed along the main axis (35 cm 2 of leaf area per cm of stem length), in contrast to the small leaves of the latter, which are scattered more thinly throughout the tree canopy (7 cm 2 of leaf area per cm of stem length). Figure 3 con®rms that PLA calculated as above is related to the strength of the proximity signal. We plotted PLA against Pfr/P estimated from spectroradiometric measurements of the radiation reaching the target trees. Over a very wide range, including both the pure stands and the mixed plots of all four species, Pfr/P was linearly related to the logarithm of PLA. These data relate the radiation signals received by the target tree to those generated by its neighbours. We draw the conclusion that leaves of the different species, irrespective of their detailed optical properties, have essentially the same effect on the R:FR radiation environment. On this basis, PLA provides a measure of the proximity signal generated by neighbours and received by a target tree in a stand of trees. Projected leaf area is therefore an effective estimate of the capacity of a tree to generate radiation signals as a function of leaf area density. We generated Fig. 4 by plotting elongation growth rate against PLA, using all the available data. This depicts the shade avoidance capacity of the three species by relating the scale of response to the source of the signalÐ that is, to the amount of leaf material scattering radiation in the perception range of the target tree.
Using Fig. 4 , we calculated R i from the y-axis intercepts and S from the slopes of the lines. Table 1 shows that A. pseudoplatanus has a low intrinsic elongation rate and a small response sensitivity to proximity signals. A. pseudoplatanus is generally regarded as a late successional tree, capable of substantial shade tolerance. Eleven species of maple in North American forests were shown to be shade tolerant and did not show shade avoidance responses in gap-edge situations 14 . By contrast, B. pendula is an early successional species, with a low intrinsic elongation rate but a very high capacity to respond to radiation signals. On this basis, B. pendula is more than ®ve times as responsive as A. pseudoplatanus. The hybrid Populus cultivar Beaupre Â, bred for high productivity, has a high intrinsic growth rate but shade avoidance sensitivity intermediate between that of A. pseudoplatanus and B. pendula.
Shade avoidance has major ®tness attributes in crowded communities, but may be disadvantageous for some species in that it results in the allocation of resources to stem growth 15 and away from storage and reproductive structures. For late successional trees such as A. pseudoplatanus, the large leaves and dense canopy effectively generate strong FR proximity signals. Under the circumstances of these experiments, A. pseudoplatanus, which is generally regarded as shade tolerant, showed shade avoidance responses over a wide range of PLA, but the sensitivity of response to such signals was low. B. pendula, an early successional tree, has sparsely distributed small leaves and generates weak proximity signals, although it responds strongly to such signals. If FR proximity signals are indicators of impending competition for radiant energy 7 , then B. pendula has the capacity to respond well to competition but generates only small radiation signals itself. Thus, B. pendula seedlings appearing in an established A. pseudoplatanus woodland would experience strong proximity signals and exhibit shade avoidance responses that would be maladaptive. In a gap, however, emerging B. pendula seedlings, with a higher intrinsic elongation rate than that of A. pseudoplatanus seedlings and with a strong response to even weak proximity signals, would be well-equipped to colonize the gap, at least temporarily. Ultimately, the shade-tolerance of A. pseudoplatanus, plus its parsimonious intrinsic elongation rate, would allow it to survive under the light shade cast by B. pendula.
We conclude that the morphology and size of leaves, and their distribution in relation to height in the canopy, are highly signi®-cant in the competition for living space that exists at all times Figure 4 Projected leaf area has a species-speci®c relationship to the height growth rates of the three species. Data drawn from all annual trials, including both pure and mixed plots. ) were calculated from the intercepts of the regression lines in Fig. 4 with a value of zero for RLA. Shade avoidance response sensitivities were calculated from the slopes of the respective regression lines in Fig. 4b .
between plants growing in crowded communitiesÐboth in terms of generating proximity signals and in terms of the capacity for shade tolerance. These data provoke speculation that there may be an evolutionary trade-off between the morphology, architecture and growth pattern of a shade tolerator and those of a shade avoider.
M

Methods
Planting materials and growth of canopies
This research was carried out at the University of Leicester, UK. Betula pendula saplings were obtained, with permission, from a reserve run by the Royal Society for the Protection of Birds at Brampton, Northumbria, UK (grid reference NY587655). A. pseudoplatanus saplings were obtained, with permission, from Priory WoodÐa designated`site of special scienti®c interest' (SSSI) in Leicestershire, UK (grid reference SK498109). The S. viminalis plants were grown from stem cuttings taken originally (1971) from a clonal coppice stand in south Nottinghamshire, UK, by H.S. Hybrid P. deltoides´trichocarpa cv. Beaupre Â were from the Institute of Terrestrial Ecology, Penicuik, UK. Trees were grown in 10-dm 3 pots irrigated individually, and top dressed in early spring and summer with 10 g of Osmocote Plus (15:11:13) and 5 g of Greenmaster Super-N (24:0:0). We arranged pots in stands of 1, 2, 4, 8 and 12 pots per m 2 either on the roof of the Biological Sciences building or at the University of Leicester Botanic Gardens, and grew them for at least three seasons. All trees were pruned as they grew to remove laterals to keep the three-dimensional geometry of the plants simple and to minimize azimuthal effects. Data for tree height, tree width, numbers of leaves and leaf area were recorded throughout the growing seasons. Leaf areas were estimated from a programme of detailed measurements in mid-season near day 220 (8 August). All the above variables were measured for eight trees in each plot, except for the detailed leaf measurements, for which only four trees were measured.
Radiation environment
For all canopies, a central`target tree' was selected, and the radiation that propagated more or less horizontally within the canopy and reached the tree was monitored throughout the seasons. Horizontal narrow angle sensors (108´1808 letterbox), placed at six pre-selected height positions at the target tree, piped radiation along ®bre-optic bundles to a selector wheel and then to a spectroradiometer (Licor LI-1800; Lincoln, NV, USA). We collected data every 10 min, giving a complete set of readings for the six height positions during daylight hours 12 . Spectral photon¯ux data were converted into estimated phytochrome photoequilibrium (Pfr/P) by integrating the absorption cross-sections of Pr and Pfr with the spectral photon¯ux distributions of the incident radiation across the 400±800-nm waveband 16 .
Calculation of projected leaf area
Projected leaf area (PLA) is an estimate of the total leaf area in the neighbourhood of the target tree that is capable of scattering radiation towards the target tree. To estimate PLA, we measured leaf position (that is, height above ground), leaf area and leaf angles (azimuth, inclination and zenith angles) for four randomly selected signal trees in each plot, and obtained estimates of the means from these. For each leaf distributed along a tree axis, the height and angle data were used to calculate the area projected by the leaf onto a cylinder representing the tree surface, itself calculated from tree height and average crown diameter. The total of the projected areas for all leaves on the tree was divided by the total area of the cylinder surface, and this ratio was used to calculate occlusion of the signal by intervening trees. The occlusion of the signal from distant trees by nearer trees was calculated geometrically using the grid of the planting design. The reduction of signal with tree distance was calculated as a function of the angular wedge subtended by a tree cylinder to the stem of the target tree. PLA represents the arithmetic sum of all signals, corrected for occlusion and for distance. The units of PLA are degrees´area (8 cm 2 ).
